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ABSTRACT 
Hydrocarbon bulk storage tank fires are not very common, but their protection is essential due to severe 
consequences of such fires. Water spray cooling system is one of the most effective ways to reduce damages to 
a tank from a fire. Many codes and standards set requirements and recommendations to maximize the efficiency 
of water spray cooling systems, but these are widely different and still various interpretations and methods are 
employed to design such systems. This article provides a brief introduction to some possible design methods of 
cooling systems for protection of storage tanks against external non-contacting fires and introduces a new 
method namely “Linear Density Method” and compares the results from this method to the “Average Method” 
which is currently in common practice. The average Method determines the flow rate for each spray nozzle by 
dividing the total water demand by the number of spray nozzles while the Linear Density Method determines the 
nozzle flow rate based on the actual flow over the surface to be protected. The configuration of the system 
includes a one million barrel crude oil floating roof tank to be protected and which is placed one half tank 
diameter from a similar adjacent tank with a full surface fire. Thermal radiation and hydraulics are modeled 
using DNV PHAST Version 6.53 and Sunrise PIPENET Version 1.5.0.2722 software respectively. Spray 
nozzles used in design are manufactured by Angus Fire and PNR Nozzles companies. Schedule 40 carbon steel 
pipe is used for piping. The results show that the cooling system using the Linear Density Method consumes 
3.55% more water than the design using the average method assuming a uniform application rate of 4.1 liters 
per minute. Despite higher water consumption the design based on Linear Density Method alleviates the 
problems associated with the Average Method and provides better protection. 
Key words: Storage Tank, Cooling System, Fire Protection, Spray System, Spray System Design, 
Tank Fire 
 
INTRODUCTION 
Bulk storage tanks containing hydrocarbons are 
prone to huge fires. Although such fires are rare, 
the consequences are catastrophic. The size and 
impact they create on the tank owner could threaten 
the survivability of the company and lead to 
bankruptcy. Fires in Cataño oil refinery and 
Buncefield oil depot are two fires involving several 
tanks which caused major destruction and created a 
national crisis. Due to huge volume of liquids 
stored the extinguishment can be a challenge. If 
extinguishment of the fire on a tank is not possible 
for protecting adjacent tanks is essential. 
Water spray cooling systems can reduce damages 
to the tank on fire and reduce the risk of escalation 
and delay involvement of adjacent tanks [1, 2]. 
Such systems have been designed and installed in 
many oil companies, but they aren’t efficient and in 
some cases not operable. Some reasons for that are 
poor design of distribution piping system, 
inappropriate spray nozzle selection, failing to 
observe tank geometry, designing tank 
protrudances irrespective of cooling system and 
vice versa. 
In non-contacting fires, the majority of heat is 
transferred to an adjacent tank by thermal radiation 
[1]. Investigation by the American Petroleum 
Institute shows that 6% of fires are caused by 
radiation [3]. In this article, the design of cooling 
system for protection of floating roof tanks [4, 5] 
containing crude oil against non-contacting fires 
from a similar adjacent tank using a new method is 
studied. The new method first determines the water 
application rate based on incident radiation. Then 
the Linear Density Method is used to apply the 
derived application rate in the previous step and for 
the distribution system. The design removes the 
problems associated with previous methods.  For 
the matter of acquaintance at the first major design 
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strategies are briefly discussed. To give perspective 
the results of this new design strategy is compared 
to another more common strategy of design that 
uses the average method to distribute water. 
For the cooling system to be efficient some 
considerations in the design of water distribution, 
piping system and tank protrudances need to be 
observed: The number of feed pipes depends on the 
number of wind girders (stiffening ring) on the 
shell of the tank. Due to smaller plate thickness of 
the tank upper course and higher incident radiation 
application of cooling water to the shell above 
walkway is deemed very necessary [6]. This idea is 
also backed by thermal radiation modeling. 
Protection of this area of shell of floating roof tanks 
is not common in current design practice mostly 
because the piping restricts easy access around the 
top of the tank. The positioning of feed pipes for 
the cooling system shall be in a way that there is 
some space between the tank components and the 
spray nozzle/feed pipes. The orientation of the 
spray nozzle on feed pipes shall be such that no dry 
spots form under the wind girder. It may be 
necessary to install the nozzles with some 
deflection from the vertical. Inappropriate pipe 
sizing could lead to inappropriate pressure and 
inadequate water discharge at most remote nozzles. 
It’s highly important to keep pressure difference 
between the closest and farthest nozzle to a 
minimum. This ensures a regular discharge curtain 
and uniform water distribution from the spray 
nozzle. Use of triangular support plates for top 
walkway of the tank should be avoided since they 
hinder the spray curtain and results in non-uniform 
water film and dry spots on tank wall. It is best to 
use slender members such as bars or angle iron to 
support the walkway. The stairway shall be 
installed so that the water film on the tank reaches 
the area of shell below the stairway. If this is not 
possible in a separate branch of pipe shall be 
provided to supply water to those sections. 
 
MATERIALS AND METHODS 
The piping used for the design of cooling system is 
schedule 40 carbon steel pipes which are 
commercially available. Spray nozzles with k-
factors of 25, 45 and 65 manufactured by Angus 
Fire Company are used for areas below wind girder 
(top walkway). For the portion of the tank shell 
above walkway PNR short body nozzle with a k-
factor of 7.16 is used. Modeling of incident 
radiation on adjacent tank is carried out using 
version 6.53 of DNV PHAST software that is 
widely used for that purpose. The distribution 
piping hydraulic calculation and sizing is carried 
out using version 1.5.0.2722 of SUNRISE 
PIPENET software which is standard software for 
hydraulic calculations. 
Design Strategy Outline 
The design of a cooling system depends on the type 
protection intended which in turn determines the 
water application rate. The piping system is then 
designed to deliver the required water density with 
most efficiency. Fig. 1 demonstrates the outline of 
designing procedure. 
 
Fig. 1: Cooling System Design Steps 
 
Type of Protection  
Design objectives for cooling systems for storage 
tanks are divided into three major categories: 
1) To protect a tank against internal fires: this type 
of protection is complicated because the fire is in 
contact with the internal surface of the shell and 
water is applied to the external shell surface. In any 
case the application of cooling water for protection 
of a tank against such fires is not studied and 
standards provide no recommendations for water 
application rates or other system parameters.  
2) To protect a tank against external contacting 
fire: two different types of fires is possible for 
external contacting fires. One is pressurized jet fire 
and the other non-pressurized fire due to spills. The 
former requires relatively higher water application 
rates to dissipate heat from a fire. 
3) To protect a tank against external non-contacting 
fire: the effect of thermal radiation from a fire on 
adjacent tanks can be disastrous. Thermal radiation 
could damage the adjacent tanks or even set them 
on fire. To protect adjacent tank cooling water is 
applied to the exterior shell. The water is used to 
absorb the heat incident on the tank and reduce the 
heat input to the tank and diminish the risk of 
escalation [2, 4].  
Water Application Rate 
If a water film of minimum thickness is 
maintained, the metal surface temperature can 
continue to a certain value [7]. Water application 
rate is closely linked to the extent of exposure and 
type of protection intended [8, 9]. For a particular 
protection there are three major strategies to 
determine water application rate: 
1) According to values provided by codes and 
standards: Variation between codes is wide and 
sometimes contradicting so that no clear 
conclusions can be drawn. Table below lists some 
recommended water application rates used in 
different codes and countries: 
2) According to radiation incident on the target to 
be protected: The precise water requirement mainly 
depends on the intensity of radiated heat, the 
absorbance of irradiated surface, the effect of wind 
Define Type of Protection
Determine the Water Application Rate
Design the Piping System to Deliver 
the Required Applicaton Rate
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on any flame pattern and the separation distance of 
equipment radiation source [8]. The required 
amount of water can be calculated on the basis of 
film thickness and incident radiation on tank. The 
method first determines the total incident radiation 
from the adjacent fire. Then the maximum 
permissible radiation level for the tank is derived 
using one of three methods:  
a) Critical Temperature of shell steel plates: This 
criteria is not suitable for cooling system design 
since the auto ignition of the flammable liquid is 
reached long before the critical temperature of the 
steel. Resources provide different values for critical 
temperature of steel [3, 14].  
b) The auto ignition temperature of storage 
tank contents: This is a sound criterion to 
determine the application density of cooling water. 
Using this method, the amount of permissible heat 
input and hence water density can be determined. 
c) Recommended values in standards and 
literature: So many authors and literature have 
studied the permissible heat flux limits for storage 
tanks. Model Code of Safe Practice, Part 19 
recommends a value of 8 kW/m
2
 for storage tanks 
[6, 8]. 
 
Table 1: Water Density for Protection of Tanks 
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  Fire 
Tank 
Adjacent 
Tank 
[10] 
USSR National 
Standards 
2.8 1.1 [10] 
USA NFPA 8.15 - [10] 
 NFPA 15 10.2 - [11] 
 ESSO 
Engineering 
Company 
3.66 - [10] 
 API 2030 10.2 4.1 [12] 
UK Fire 
Protection 
Association 
9.8 - [10] 
 IP 19 10 2 [8] 
France National 
Standards 
5-15 - [10] 
Japan Standard Fire 
Insurance 
Company 
10 - [10] 
China National 
Standards 
2.5 
(Floating 
Roof 
Tank) 
2 
(Fixed 
Roof 
Tank) 
2 [10] 
Iran Iranian 
Petroleum 
Standards 
10.2 - [13] 
The difference of the incident and permissible 
radiation determines the amount to be absorbed by 
water film. 
Distribution Piping 
Fig. 2 shows the common arrangements for 
distribution piping. Some arrangements are more 
common than others. 
 
 
Fig. 2: Cooling System Piping Layout 
Layouts b, c, e and f in Fig 2 are not practicable for 
large diameter tanks due to long pipe runs and large 
diameters required. Layout “a” in Fig 2 is the 
preferred method due to efficient resource use. In 
case layout “a” is not possible layout “b” in Fig 2 
can be considered as a replacement.  
Water Distribution Methods 
There are two major ways to distribute water and 
select the k-factors for spray nozzles: 
1) Average Method: This method uses an 
averaging strategy to distribute the calculated total 
water. The method first determines the distance 
between two spray nozzles based on manufacturer 
recommendations. Then depending on the distance 
of distribution ring to tank shell the total number of 
spray nozzles can be derived. Next the total water 
application rate is divided by the number of spray 
nozzles to give the average water discharge of 
every nozzle. Assuming the minimum required 
pressure for the hydraulically most remote nozzle 
i.e. 1.4 bar [11, 15] or higher arbitrary pressure the 
k-factor can be derived. Then a nozzle with the 
closest higher k-factor is selected for designing the 
spray system. This procedure must be carried out 
for selection of spray nozzles on every level of 
cooling system distribution rings. Precise 
calculations and pipe sizing are then carried out 
based preliminary data and calculations discussed 
earlier. 
Non-uniform application that is the application of 
water less than and more than what is required at 
the most remote and nearest nozzles respectively is 
a drawback of this design method. 
2) Linear Density Method: This method employs a 
novel strategy to choose the K-factors of spray 
nozzles. It requires changing water density which 
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most literature is specified as flow rate per unit area 
for linear density in terms of flow rate per unit 
length. For storage tanks, the linear application 
density is the product of surface application rate 
and the height of shell to be covered. The nozzles 
linear density can be calculated using the 
overlapping and non-overlapping length of curtain 
footprint on the surface to be protected. The spray 
nozzle with matching or higher linear density is 
chosen for design. 
Case Study of a Typical Cooling System 
Design 
The design of cooling water system for the 
protection of a one million barrel floating roof tank 
containing crude oil against non-contacting full 
surface fire of an adjacent similar tank is carried 
out. The tanks were spaced according to the NFPA 
30 as showed in Fig. 4 [16]. The tanks are identical 
and their dimensions are illustrated in Fig. 3 and 
Fig. 4. 
 
 
Fig 3: Storage Tank Spacing 
 
 
 
Fig. 4: Tank Geometry 
This study assumes that water is applied 
proportional to incident radiation and the Linear 
Density Method is used to distribute spray nozzles. 
The first step is to evaluate the incident radiation 
on the tank to be protected. Next the corresponding 
water film thickness is derived.  
Prediction of incident radiation on adjacent tank is 
carried out using PHAST software. In view of 
higher safety factor and for the matter of simplicity 
normal heptane is used to model the pool fire of 
crude oil [1]. To design for the worst case the tank 
on fire is assumed to have the highest possible 
liquid level. The incident radiation is then 
calculated at different levels of the tank to be 
protected. The number of levels is arbitrary but can 
be chosen according to the number of sections 
created on the tank shell by stiffening rings / wind 
girders. Based on geometry of the tank in studying 
four different levels is assumed as showed in Fig. 
5. 
 
 
Fig. 5: Tank Levels and Incident Radiation 
The incident radiation is calculated for wind speed 
of 30 m/s and stability of F which are common in 
southern Iran. The permissible heat flux to the tank 
is taken to be 8 kW/m2 [8]. The amount of heat to 
be removed by water is the difference between the 
incident and permit radiations . 
Then the equivalent black body temperature of 
flame of fire is derived using the Plank’s Formula. 
The maximum radiation flux is taken to be the 
radiation flux at all radiation frequencies. The 
absorption of radiation by water film is calculated 
using Equation 1 and Fig. 6 [7]. 
Equation 1 Spectral Radiation Absorbtion by 
Water Film 
𝑾𝑾𝒂𝒕𝒆𝒓,𝒂𝒃𝒔,𝝀 = 𝑾𝝀 𝒆𝒙𝒑 −𝜶𝝀𝒃  
Where 
WWater, abs, λ: radiation absorbed by water film 
(W/m
2
m) 
αλ: frequency dependent absorbtion coefficient 
b: water film thickness (m) 
The water film thickness is given by Equation 2[7]: 
Equation 2  Water Film Thickness 
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𝒃 =  
𝟐. 𝟒 Ḿ  𝝂
𝝆 𝒈𝒘
 
𝟏
𝟑
 
Where 
b: film thickness (m) 
w: plate width (m) 
Ḿ: overhead water application rate (kg/s) 
ν: water kinematic viscosity (m2/s) 
g: gravitational acceleration (m/s2) 
ρ: water density (kg/m3) 
Minimum required water film thickness to absorb 
the excess amount of heat is calculated using 
Equation 1. Equation 2 is used to calculate the 
water density.  
Considering a wastage of 2 lit/min/m2 [11, 12], the 
final values to be used for calculations are derived. 
The application rates are linear. 
Knowing water application rate and using layout 
“a” in Fig. 2 to distribute water over the tank 
surface the cooling system is designed. 
The results from this design strategy are then 
compared to the results from the design that uses 
the average method and the water application rate 
recommended by API RP 2030 i.e. 4.1 liters per 
minute per square meter. Also layout “a” in Fig. 2 
is used here to distribute water over the tank 
surface. PIPENET software is utilized for pipe 
sizing and hydraulic calculations. 
 
Fig. 6: Absobtion Coefficient 
 
RESULTS 
The results of radiation modeling for four levels of 
tank and for four weather conditions are 
summarized in table 2. 
Selecting the worst weather condition and incident 
radiation and knowing the permissible incident 
radiation the amount of radiation is determined and 
shown in table 3.  
Water density to be applied with wastage included 
is summarized in table 4.  
Results for cooling system using Linear Density 
Method and a water application rate proportionate 
to incident radiation are summarized in table 5. 
The total water demand for half the tank surface is 
16553.84 liters per minute at a pressure of 4.32 
bars at the bottom of the riser. Total water demand 
for protection of tank against full surface fire of a 
similar tank is 33107.68 liters per minute. This 
system provides protection for shell area above 
walkway of the tank. Piping system to distribute 
water on tank surface is shown in Fig. 7. Two 
similar piping trees are required to cover the entire 
tank shell. 
 
Table 2: Incident Radiation Modeling 
Incident Radiation on Tank to Be Protected (kWm-2) 
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Table 3: Incident, Permissible and Radiation to Be 
Absorbed by Water 
Level 
Total 
Incident 
Radiation 
(kWm-2) 
Permissible 
Incident 
Radiation 
(kWm-2) 
Radiation to 
Be Absorbed 
by Water 
(kWm-2) 
Level 1 13.67 8 5.67 
Level 2 15.16 8 7.16 
Level 3 16.40 8 8.4 
Level 4 17.13 8 9.13 
 
Table 4: Final Linear Water Density 
Level 
Minimum 
Water 
Thickness 
(mm) 
Linear Water 
Density 
(lit/min/m) 
Final Linear 
Water Density 
(lit/min/m) 
Level 1 0.22 2.6 27.4 
Level 2 0.255 4.05 8.85 
Level 3 0.38 13.39 17.09 
Level 4 0.45 22.24 24.34 
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Table 5: Linear Density Method System Design - 
Operation Summary for Half Ring 
Level 
Number of 
Spray 
Nozzles 
True Water 
Demand 
(lit/min) 
Pressure at 
Branch 
(bar) 
Level 1 58 5227.18 2.57 
Level 2 58 1903.9 2.27 
Level 3 58 3342.08 2.06 
Level 4 660 6080.66 1.83 
Total 834 16553.84 4.32 
 
 
Fig. 7: Piping system to distribute the water 
Results for the design that used the recommended 
water application rate by API RP 2030 and the 
Average Method are given in table 6. The same 
piping water requirement and pressure at every 
level is summarized in table 7. 
Table 6: Total Water Demand Using the Average 
Method 
Level 
Surface 
Area (m2) 
Application 
Density 
(lit/min/m2) 
Total Water 
Demand (lit/min) 
Level 1 4246.17 4.1 17409.34 
Level 2 821.84 4.1 3369.5 
Level 3 633.5 4.1 2597.35 
Level 4 359.56 4.1 1474.19 
Table 7: Average Method Cooling System Design - 
Operation Summary for Half Ring 
Level 
Number of 
Spray 
Nozzles 
True Water 
Demand 
(lit/min) 
Pressure at 
Branch 
(bar) 
Level 1 116 10523.42 2.45 
Level 2 58 1861.5 2.2 
Level 3 58 1970.96 2.02 
Level 4 662 1629.72 1.91 
Total 894 15985.61 3.84 
The total water demand for half the tank surface is 
15985.61 liter per minute at a pressure of 3.84 bars 
at the bottom of riser. Total water demand in this 
case is 31971.22 liters per minute. This cooling 
system also provides protection for shell area above 
walkway of the tank. 
 
DISCUSSION 
Results for radiation modeling are shown in table 2. 
It can be seen that with increasing the wind speed 
the radiation level from the full surface fire of one 
tank on any level of the shell of the adjacent similar 
tank increases. Table 3 demonstrates that at a 
certain wind speed with height on the target tank 
increasing the distance increases and hence the 
quantity of incident radiation also increases. This 
means higher levels of tank are at higher risk of 
thermal buckling than lower areas which are 
backed by observations during many tank fire 
accidents such as the huge fire at Bayamon oil 
storage facility, Puerto Rico [33]. Application of 
water proportional to incident radiation resulted in 
water films with greater thickness at higher levels 
compared to lower levels (see table 4). The 
corresponding linear application density also shows 
a similar trend. Having assumed a fixed 
recommended value for water wastage the final 
linear application density is derived and the trend 
for it is not increasing from lower levels to higher 
levels as might be expected. The final linear 
density for the first level with the highest surface 
area is greater than the second and third with higher 
incident radiation as showed in table 4. The reason 
for it is that the recommended value for wastage is 
based on surface area which in turn gives higher 
values for final linear water application density of 
levels with greater shell area. The water demand 
for the cooling system design that determines the 
water application rate proportional to incident 
radiation and uses the linear density method to 
apply water consumes 33107.68 liters per minute 
(refer to table 5). Cooling the area above the 
walkway requires 36.7% of total water demand 
while this section constitutes 5.9% of total shell 
area. In contrast to the first level of the cooling 
system carries 31.58% of total demand while it 
constitutes 70% of the shell area. The pressure at 
the bottom of riser pipe is 4.32 bars which are less 
than half the available pressure in the fire mains 
(10 bars). 
The method that uses the fixed recommended water 
application rate is more widely used in projects. 
Water application rates widely differ from one 
standard to another as shown in table 1. The water 
application rate proposed by API RP 2030 is 4.1 
liters per minute per square meter [12] and is more 
common in the oil industry and is therefore used in 
this study. The total water demand for a cooling 
system based on the fixed water application rate of 
4.1 lit/min/m2 and using the Linear Density 
method is 31971.22 liters per minute (see table 7). 
In this method the water application rate is constant 
and the greater the surface area the higher the total 
demand. It can be seen in table 6 that despite the 
fact that the higher levels of the tank receives 
higher thermal radiation the application rate 
remains constant and is equal to lower levels that 
are less exposed. The minimum pressure required 
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at the bottom of the riser to operate such a system 
is 3.84 bars (refer to table 7). 
Comparing the system that uses the Linear Density 
Method of water distribution and utilize water 
application proportional to incident radiation to the 
design that uses the Average Method and a fixed 
water application rate of 4.1 liters per minute per 
square meter shows the former demands 3.55% 
more water than the latter design. The water 
demand for level 4 is 3.7 times higher in the Linear 
Density Method compared to the average method 
while the demand for the first level in the average 
method is 2 times higher than the Linear Density 
Method.  
 
CONCLUSION 
It is believed the Linear Density Method is an 
innovative way to truly protect tanks since it 
applies water at the density that is really required to 
protect the tank. The average method distributes 
water unevenly over the shell surface with higher 
application at points closer to the riser pipe and 
lower rates at terminal points of distribution ring. 
Application of water according to incident 
radiation allows designing more efficient systems 
in terms of utilizing resources and the level of 
protection offered is as required. In contrast 
designing systems based on recommended values 
from standards results in a type of protection that is 
either less or more than what is required.  
Installing a cooling ring above the walkway could 
pose a serious challenge. 79.1% of total number of 
nozzles used for the system is installed on the 
highest level of the tank. Installation of larger 
number of nozzles is costly and thus could be a 
prohibiting factor. Frequent clogging of nozzles 
due to small orifice of nozzles is also available. 
This problem is partly revealed by easy access and 
frequent maintenance but still such problem make 
the system high maintenance and diminish the 
overall reliability and effectiveness of the cooling 
for the part of shell above the walkway. Limited 
space above the walkway causes the distribution 
ring to be installed very close to the shell which in 
turn causes the number of spray nozzles to 
increase. It is best to find a way to increase the 
distance of the distribution ring from the shell or 
study the possibility of applying water uniformly to 
the shell without using spray nozzles for instance 
by drilling holes to the ring pipe in this section. 
It is also recommended to further investigate 
system design and operational parameters for 
various piping arrangements and tank sizes, to 
study methods to derive the water application rates 
based on auto-ignition temperature of the fuel 
stored. 
 
REFERENCES 
[1] Mansour, K. Fires in Large Atmospheric 
Storage Tanks and Their Effect on Adjacent Tanks, 
in Chemical Engineering. 2012; Loughborough 
University. 381. 
[2] BP Process Safety Series: Liquid Hydrocarbon 
Storage Tank Fires: Prevention and Response: a 
Collection of Booklets Describing Hazards and 
how to Manage Them.; Institution of Chemical 
Engineers BP. 2005 
[3] Zalosh, RG., Industrial Fire Protection 
Engineering. 2003; Wiley. 
[4] API RP. 2021 - Management of Atmospheric 
Storage Tank Fires.;American Petroleum Institute, 
2006. 
[5] API RP. 2021A - Interim Study—Prevention 
and Suppression of Fires in Large Aboveground 
Atmospheric Storage Tanks. 1998; American 
Petroleum Institute. 
[6] Wells GL., I.O.C. Engineers. Major Hazards 
and Their Management; Institution of Chemical 
Engineers, 1997. 
[7] Lev Y,. Strachan D.C, A study of cooling water 
requirements for the protection of metal surfaces 
against thermal radiation. Fire Technology. 1989; 
25(3): 213-229. 
[8] IP19 - The Institute of Petroleum: Fire 
Precautions at Petroleum Refineries and Bulk 
Storage Installations, Part 19 of the Institute of 
Petroleum Model Code of Safe Practice in the 
Petroleum Industry; Wiley Institute of Petroleum, 
1994. 
[9] Books, H., HSG 176 : The Storage of 
Flammable Liquids in Tanks; HSE Books. 1998. 
[10] Liu B, Ye F, Wu K, Wang M, Zhu M., The 
Cooling Water Intensity Design of Crude Oil Tanks 
Based on Standard Analysis and New Calculation 
Model, in ICPTT. 2012; 675-684. 
[11] NFPA 15 - Standard for Water Spray Fixed 
Systems for Fire Protection. 2007; National Fire 
Protection Association. 
[12] API 2030 - Guidelines for Application of 
Water Spray Systems for Fire Protection in the 
Petroleum Industry. 2005; American Petroleum 
Institute. 
[13] IPS-E-SF-220 - Engineering Standard for Fire 
Water Distribution and Storage Facilities. 1993; 
Iranian Petroleum Ministry. 
[14]  Dinenno PJ, Drysdale D, Beyler C L, Walton 
WD., SFPE handbook of fire protection 
engineering, third edition. National Fire Protection 
Association Society of Fire Protection Engineer, 
2002;. 
[15] Rules for Water Spray Systems, Tariff 
Advisory Committee,1998; 
http://www.firenetindia.com/docs/rules_on_spray_
system.doc. 
[16] NFPA 30 - Flammable and Combustible 
Liquids Code. 2012; National Fire Protection 
Association, 
http://www.nfpa.org/Assets/files/AboutTheCodes/3
0/FI30-2012.pdf 
 Iraj Alimohammadi, et al., A novel method to design water spray cooling system … 
242 
 
[17] DEP 80.47.10.31-Gen. - Active Fire Protection 
Systems and Equipment for Onshore Facilities, 
Kronikloops, 2014; SHELL Company 
[18] Huggins, R. Water Velocity: Its Impact on the 
Accuracy of Hydraulic Calculations, 1996, 
http://www.sprinklernet.net/techservices/articles/w
atervelocity.html  
[19] Karlsson B, Quintiere J. Enclosure Fire 
Dynamics, CRC Press, London, 2002 
[20] Mannan, S. Lees' Loss Prevention in the 
Process Industries: Hazard Identification, 
Assessment and Control, Elsevier Science & 
Technology,2004 
[21] NFPA 11 - Standard for Low-, Medium-, and 
High-expansion Foam, National Fire Protection 
Association;2005, http://www.nfpa.org/codes-and-
standards/document-information-
pages?mode=code&code=11 
[22] NF - A Firefighter’s Guide to Foam. National 
foam, INC, 1990, available from 
http://www.foamtechnology.us/Firefighters.pdf 
[23] LASTFIRE Update. 2009; LASTFIRE. Available 
from: 
http://www.vedelem.hu/files/UserFiles/File/konf2
009/fer/11B.pdf 
[24] LASTFIRE Summary-Update. 2001; LASTFIRE. 
Available from: 
http://www.nifv.nl/upload/112505_668_1190968
464265-5._lastfire.pdf 
[25] Persson H, Lonnemark A., Tank Fires: Review 
of Fire Incidents 1951-2003; BRANDFORSK 
Project 513-021; SP Sveriges Provnings- och 
Forsknings institut:2004, 
http://www.infopuntveiligheid.nl/Infopuntdocumen
ten/112376_668_1190802155187-
1._Tank_Fire_Incidents_1951_-_2003.pdf 
[26] LASTFIRE - Large Atmospheric Storage 
Tank Fires 1997; Resource Protection International 
[27] Pitbaldo, R.M. Purdy, G., Bagster D.F., 
Lockwood, l.R., "Consequence Assessment 
of Atmospheric Storage Tank Fires" AIChE 
Process Plant Safety Symposium, 
Houston, Feb. 1992 
[28] OGP - Risk Assessment Data Directory - 
Storage incident frequencies. Report No. 434-3. 
2010, Available from: 
http://www.ogp.org.uk/pubs/434-03.pdf 
[29] Cook, J., Z. Bahrami, and R.J. Whitehouse. A 
comprehensive program for calculation of flame 
radiation levels. Journal of Loss Prevention in the 
Process Industries. 1990; 3(1): 150-155 
[30] PNR Spray Nozzles and Assembly Fittings. 
PNR Editor. PNR 
[31] NFPA 92:1 Guide for Fire and Explosion 
Investigations 2014. 2014; National Fire Protection 
Association, http://catalog.nfpa.org/2014-NFPA-
921-Guide-for-Fire-and-Explosion-Investigations-
P1386.aspx 
[32] Skarsbø, L.R. An Experimental Study of Pool 
Fires and Validation of Different CFD Fire Models, 
Msc Thesis, Department of Physics  and 
Technology.; University of Bergen, Bergen, 
Norway,  2011, http://hdl.handle.net/1956/5610 
[33] Batista-Abreu, J., Godoy, L.A. Thermal 
buckling behavior of open cylindrical oil storage 
tanks under fire. ASCE Journal of Performance of 
Constructed Facilities. 2013; 27(1): 89-97 
 
 
